Individuals with 22q11.2 deletion syndrome (22q11.2DS) evince a 30% incidence of schizophrenia. We compared the white matter (WM) of 22q11.2DS patients without schizophrenia to a group matched healthy controls using Tract-Based-Spatial-Statistics (TBSS). We found localized reduction of Fractional Anisotropy (FA) and Axial Diffusivity (AD; measure of axonal integrity) in WM underlying the left parietal lobe. No changes in Radial Diffusivity (RD; measure of myelin integrity) were observed. Of note, studies in chronic schizophrenia patients report reduced FA, no changes in AD, and increases in RD in WM. Our findings suggest different WM microstructure in 22q11.2DS than in patients with schizophrenia. 
Introduction
22q11 deletion syndrome (22q11.2DS), also known as Velo-cardio-facial syndrome (VCFS) (Shprintzen, 2008) , is a rare disease caused by a deletion in chromosome 22. Up to 30% of patients with this diagnosis suffer from schizophrenia, thus making the syndrome a target for the exploration of factors that lead to psychosis (Chow et al., 2011; da Silva Alves et al., 2011; Gothelf et al., 2007b; Kates et al., 2011; van Amelsvoort et al., 2004) .
Effects in humans include schizophrenia (Bassett et al., 2005; Murphy et al., 1999) , learning disabilities (Murphy et al., 1998) , autism (Niklasson et al., 2009) , depression (Green et al., 2009) , and bipolar disorder (Papolos et al., 1996) . The exact cause of this high comorbidity is not known, but the frequently occurring dysmorphology of heart, limbs (short statue), face and brain suggests a developmental disorder involving cells of the neural crest (Kirby et al., 1983) . 22q11.2DS is characterized by a microdeletion of 30-45 genes on chromosome 22. Studies in a 22q11.2DS mouse model (LgDel mouse) demonstrate that reduced expression of several of these genes results in abnormalities in the number, location and connectivity of neurons in the developing brain (Meechan et al., 2010) .
One of the most influential hypotheses in schizophrenia suggests abnormalities in brain connectivity (Konrad and Winterer, 2008) . Abnormal brain connectivity in schizophrenia is now supported by changes in white matter (WM) fiber tracts (Ellison-Wright and Bullmore, 2009; Kubicki et al., 2007) , as well as by abnormalities in neural circuitry, which are based on fMRI studies (Deserno et al., 2012) . Additionally, altered oligodendroglial cells, decreased myelination of fibers, and changes in the expression of myelin-related genes have all been associated with schizophrenia (e.g., (Davis et al., 2003; Hakak et al., 2001; Tkachev et al., 2003; Uranova et al., 2001) , suggesting abnormalities in myelin in this disorder. Interestingly, while DT-MRI studies in 22q11.2DS patients also report abnormalities in WM integrity (Barnea-Goraly et al., 2003; da Silva Alves et al., 2011; Simon et al., 2008; Sundram et al., 2010) , animal studies point to neurons and their axons, rather than myelin, as the possible source of observed WM abnormalities in 22q11.2DS (Meechan et al., 2010) .
The method used in general today to explore WM, in vivo, is Diffusion Tensor Magnetic Resonance Imaging (DT-MRI). The majority of DT-MRI studies use Fractional Anisotropy (FA) for quantification. FA is a measure that describes the directionality of water diffusion. Its value ranges from 0 to 1, with a value of 0 corresponding to a perfectly isotropic environment, where water is unrestricted as for example in cerebrospinal fluid, and with a value of 1 corresponding to a perfect anisotropic environment, where water is most restricted in all but one direction, as for example in WM fiber bundles (Basser et al., 1994) . More specifically, FA has higher values in WM, where myelinated axons are highly organized. Here, water diffusion is believed to be hindered by barriers (i.e., anisotropic), such as the membranes, myelin and cytoskeleton (Beaulieu, 2002) . Nevertheless, while FA is sensitive to all changes in WM micro and macro structure, it is very nonspecific when it comes to tissue pathology. Other DTI indices, however, such as parallel diffusivity (also known as axial diffusivity or AD) and perpendicular diffusivity (also known as radial diffusivity or RD), are believed to be more specific to underlying micropathology. These measures have, in fact, been shown to be markers of axonal (AD) and myelin (RD) integrity in a series of mouse experiments (Song et al., 2003; Song et al., 2005) . AD and RD measures have also subsequently been applied to clinical populations in order to study adolescent development (e.g., (Giorgio et al., 2010) , aging (Van Hecke et al., 2008) , cerebral tumors (Nagesh et al., 2008) , multiple sclerosis (Klawiter et al., 2011; Roosendaal et al., 2009 ), autism (Barnea-Goraly et al., 2010 , schizophrenia (Ashtari et al., 2007; Seal et al., 2008; Whitford et al., 2010) , and 22q11.2DS (Simon et al., 2008) ).
In this study we investigate differences in WM pathology between adult 22q11.2DS patients without schizophrenia and matched healthy controls using DT-MRI. Group comparisons are performed using Tract-Based Spatial Statistics (TBSS) (Smith et al., 2006) , a method that allows for hypothesis-free voxel-based whole brain WM group comparisons. TBSS is a new generation of voxel-based methods that instead of performing statistical group analysis for each voxel of the WM, compares only voxels that belong to large fiber bundles. This requires that only correspondence between major tracts across all subjects needs to be established, which minimizes registration errors, and reduces partial volume effects.
Based on the high risk of schizophrenia in 22q11.2DS patients, we hypothesize that our patients with 22q11.2DS will be characterized by reduced FA, which is similar to WM changes observed in schizophrenia patients and in subjects at ultra high risk for schizophrenia (Carletti et al., 2012) . We further hypothesize that either increases in RD (indicative of abnormalities in myelin as suggested by imaging and nonimaging schizophrenia studies), or decreases in AD (indicative of axonal changes as suggested by 22q11.2DS mouse model) will account for FA abnormalities.
Methods

2.1.Subjects
Nine subjects with 22q11.2DS and nine healthy subjects, group matched for age, gender and PSES, were included in this study (Table 1) . Deletion of the chromosomal region 22q11.2 was reconfirmed by Fluorescent-In-Situ-Hybridization (FISH) in the patient group. Patients were recruited from a multidisciplinary 22q11.2DS treatment program at Brigham and Women's Hospital, Children's Hospital, and Massachusetts General Hospital, Boston, MA, and through advertisements placed on 22q11.2DS related websites. Healthy subjects were recruited through local newspaper advertisements. All patients were evaluated for psychiatric disorders using medical charts and Structured Clinical Interview for DSM-IV and none were diagnosed with schizophrenia or schizophrenia episodes at the time of the scan. Two patients were receiving antipsychotic medications at the time of scan, risperdal and seroquel, respectively, at low doses to manage anxiety and insomnia. Healthy subjects were screened using the Structured Clinical Interview (SCID non-patient edition) (Spitzer, 1990) . No control subjects had an Axis I psychiatric disorder or a first-degree relative with an Axis I psychiatric disorder. Exclusion criteria for the control subjects were: history of neurologic illness or major head trauma, electroconvulsive therapy, alcohol or drug dependence in the last 5 years, and/or significant alcohol or drug abuse within the last year. The study was approved by local institutional IRBs at Children's Hospital, Massachusetts General Hospital, and Brigham and Women's Hospital. All subjects signed informed consent prior to study participation.
2.2.Diffusion-weighted scans
were acquired using line scan diffusion imaging (LSDI) (Gudbjartsson et al., 1996) on a 1.5 Tesla System GE Echospeed scanner. We used an imaging protocol described in previous publications (Kubicki et al., 2004; Rosenberger et al., 2008) . Briefly, after obtaining Line Scan Diffusion Tensor Images of the entire brain (1.7×1.7×4 mm coronal slices, 6 gradient directions with B=1000, 2 B0 scans), tensors were estimated using the least square method (Mangin et al., 2002) , and FA, AD and RD were calculated using 3DSlicer software (http:// www.slicer.org/).
2.3.Data Analysis
Voxel-based comparisons of FA, AD and RD were performed using TBSS software version v1.2 (http://www.fmrib.ox.ac.uk/fsl/tbss/index.html), and standard processing steps were followed. The number of permutations was set at 5000 and the significance level was set at Family-Wise Error (FWE) corrected at p<0.05. Tracts were identified by John Hopkins University (JHU) White-Matter-Tractography-Atlas (Wakana et al., 2007) . To present the range of diffusivities within groups and specific regions, and to perform correlations, the 4D skeleton was split into individual images, which were then imported into 3DSlicer software. Region specific comparisons and correlations were performed only for the region that showed significant group differences in TBSS.
2.4.Statistical analysis
The Statistical Package for Social Sciences (PASW-version-17.0) was used to perform ttests of the socio-demographic data and statistics for diffusivities. Correlations between FA, AD and handedness were evaluated using Spearman's Rho. Because of the small sample size, we also calculated effect size and statistical power (Faul et al., 2009 ).
Results
FA was compared between 22q11.2DS and controls using a whole brain voxel-by-voxel approach, TBSS, to evaluate localized WM abnormalities. Only one region of the cerebrum showed statistically significant reductions of FA (t>=3, P<0.05 corrected ), and this was localized to left parietal lobe WM (Figure 1) , where the inferior fronto-occipital fasciculus (IFOF), the inferior longitudinal fasciculus (ILF), the superior longitudinal fasciculus (SLF), cingulum and anterior thalamic radiation intersect. Interestingly, the same region, albeit more extended, showed statistically significant group differences for AD (Figure 1) . No significant changes in RD were detected.
FA and AD were further quantified in each subject in the region of FA reductions and presented in scatter plots (Figure 2 ). FA and AD showed statistically significant group differences (p<0.001), as described in the TBSS analysis, above.
Effect sizes for FA (Cohen's d=2.846, effect size r=0.8181) and AD (d=2.300, r=0.7547) are large. Power is higher than 99% for both measures, indicating that even with small sample sizes, both FA and AD are powerful indicators of group membership.
Lateralization of group differences to the left hemisphere was not associated with handedness (Spearman's rho coefficient for 22q11.2DS group and FA: r=−0.2, P=0.7, n=7; for controls and FA: r=−0.4, P=0.3, n=8; for 22q11.2DS and AD r=−0.1, P=0.8, n=7; for controls and AD: r=−0.3, P=0.5, n=8).
Discussion
Changes in major WM tracts were investigated in 22q11.2DS using whole brain TBSS, a method that has not previously been applied to this population. Findings revealed FA reductions in left parietal lobe WM, where several WM tracts, including IFOF, ILF, SLF, cingulum and thalamic radiation intersect. Reduced AD values, but not RD changes were observed. These findings suggests axonal, rather than myelin disruption. Simon et al., 2008; Sundram et al., 2010) . These studies used an earlier voxel-based morphometry technique (VBM) and reported WM abnormalities within the fronto-parietotemporal connections, anatomical locations similar to those observed in our study. All of these studies used FA, which is a sensitive but nonspecific DTI measure, as it does not provide further characterization of the microstructural nature of these abnormalities (i.e., myelin disruption vs. axonal pathology). Our study uses RD and AD as measures of myelin and axon integrity, and is the first to suggest axonal impairments as the basis of the observed WM abnormalities in 22q11.2DS.
Compared to 22q11.2DS, WM abnormalities in schizophrenia are better documented. Over 100 DT-MRI studies have been published to date, and most report FA reductions in schizophrenia (findings summarized in (Ellison-Wright and Bullmore, 2009; Melonakos et al., 2011) ). Several studies of schizophrenia have also used RD and AD measures to characterize further the microstructural nature of FA anomalies (Ashtari et al., 2007; Seal et al., 2008; Whitford et al., 2010) , including Seal et al. (2008) , who performed TBSS analysis, reporting RD, but no AD differences in schizophrenia. Since our study demonstrates changes in AD, but no changes in RD in 22q11.2DS, we view this as a very important distinction and for evidence that brains of patients with schizophrenia and patients with 22q11.2DS share macro, but not micro-structural features of WM pathology.
More specifically, both patients groups, those with 22q11.2DS and those with schizophrenia, demonstrate FA reduction in fronto-temporal connections. However, while WM myelin (RD) seems to be affected in schizophrenia, and intact in 22q11.2DS, axonal abnormalities (AD) exist in 22q11.2DS but not in schizophrenia. Decreased AD, which we observe here, might suggest thinner axons (reduced axonal caliber and overexpression of neurofilaments and III beta-tubulin (Harsan et al., 2006) , less well ordered axons (as a consequence of periventricular nodular heterotopias and displaced neurons scattered in the WM, likely a consequence of misguided cell migration during development (Kiehl et al., 2009 )) or lower number of axons (Meechan et al., 2010) . These apparent differences between schizophrenia and 22q11.2DS micro-pathologies are further consistent with the fact that none of the schizophrenia associated myelination genes (which include myelin-associated glycoprotein (MAG), myelin and lymphocyte protein (MAL), 2′,3′-cyclic nucleotide 3′-phosphodiestase (CNP), gelsolin, transferrin and HER3 (ErbB3) (Hakak et al., 2001) ), are encoded in the 22q11.2 chromosomal region. On the contrary, several schizophrenia candidate genes which are found in the 22q11.2 chromosomal region, play a role in embryonic development or in the metabolism of neurotransmitters and mitochondria (Meechan et al., 2010) . The list of such genes includes catechol-O-methyltransferase (COMT), proline dehydrogenase (PRODH), ubiquitin fusion degradation 1 protein (UFD1L), and Nogo66-receptor (RTN4R) (Meechan et al., 2010) . The expression of these proteins in 22q11.2DS could therefore potentially result in changes in the development of WM, which are reflected by AD and FA measures. These abnormalities might constitute either: (1) risk factor (because of the increased risk of schizophrenia in 22q11.2DS), (2) protection factor (since none of our subjects was schizophrenic), or (3) an endophenotype that is different from "standard" schizophrenia (since, to date, RD changes rather than AD changes have been observed in schizophrenia). Further studies are needed to understand better the relationship between WM pathology and genetic risk factors for schizophrenia.
One of the limitations of this study is the relatively small sample size (n=18). Despite the small sample size, however, the discriminant power is quite high (99%), in part due to the state of the art technology used for the analysis, i.e., TBSS. A further limitation is the fact that the patients and their controls were not matched for IQ. Decreases in IQ are frequently considered part of the 22q11.2DS syndrome (Gothelf et al., 2007a) and for this reason samples were not corrected for IQ. Lastly, because of the cross-sectional nature of this study, no follow-up data was available. We thus do not know whether the 22q11.2DS subjects in this study will develop schizophrenia over time or not. Future follow up studies on 22q11.2DS patients, with and without schizophrenia, are needed to understand better the relationship between genes, risk for schizophrenia, and WM development.
In summary, this is the first study to use TBSS to analyze patients with 22q11.2DS and matched healthy controls. Findings revealed reductions of FA and AD that were localized to WM in the left parietal lobe. RD changes were not observed. These findings suggest abnormalities in axonal integrity in 22q11.2DS subjects, rather than myelin disruption observed frequently in schizophrenia. Further, if 22q11.2DS is being used as a genetic model for schizophrenia, then our results suggest that WM developmental pathologies might predate schizophrenia, and in prospective studies AD and RD measures have the potential to distinguish between neurodevelopmental vs. neurodegenerative changes to WM microstructure in schizophrenia. Longitudinal, follow up studies that include converters should be performed to fully understand the dynamics of the relationship between those two pathologies.
Fig. 1. Results of TBSS voxel-wise analysis of the cerebrum
Reductions of voxel intensities in the 22q11.2DS group are indicated in red and yellow and represent p-values of p<0.05 corrected . The results are overlaid on the diffusion weighted image of one of the subjects (own target image) (image is presented in shades of gray and white); sagittal view on the top, coronal view in the middle and axial view at the bottom; the mean FA skeleton is represented in blue. The region of reductions of fractional anisotropy (FA) (panels on the left), reductions of axial diffusivity (AD) (panels in the middle) and lack of increases in radial diffusivity (RD)(panels on the right) are shown at the same coordinates marked by green lines. R: right hemisphere, L: left hemisphere. The value of mean FA ranges between 0 (isotropic diffusivity) and 1 (anisotropic diffusivity). The value of axial diffusivity is expressed in mm 2 /s. The black bars indicate the means. The probabilities t and P are from independent-samples t-test. Table 1 Demographic and clinical characteristics of study groups 
